We used an intracellular zinc-specific fluomphore, Zinquin, in conjunction with fluorescence video image analysis, to reveal labile zinc in panaeatic islet cells, which concentrate this metal for use in synthesis, storage, and secretion of insulia. 2hquin vividly demonstrated zinc in the islet cell secip tory granules, which formed a brightly labeled crescent in the cytoplasm between one side ofthe nudeus and the plasma membrane. Lower but still appreciable amounts of zinc were detected in the remaining cytoplasm, but there was little labeling in the nudeus. Fluorescence intensity varied among islet cells, suggesting Werences in zinc Content. Their average fluorescence intensity greatly surpassed that of the surrounding pancreatic acinar cells in frozen seaions of pan-A d i a 501 1. aeas and in all other types of cell studied, including lymphocytes, neutrophils, fibroblasts, and erythrocgtes. Less labile zinc was detected in cells of the mouse insulinoma cell line NIT-1, regardless of whether they were maintained in long-term culture in the presence or absence of exogenous extracellular zinc. Exposure of islet or insulinoma cells to a high Concentration of glume or other secretagogue deaeased the Content of labile zinc. 2hquin should be a wful probe for revealing changes in zinc homeostasis in islet B-cells that m a y be important in their dysfunction and death during diabetes. (JHistoohem Cytochem 42877484,1994) 
Introduction
Studies using various techniques including atomic absorption spectroscopy, X-ray microprobe analysis, and relatively zinc-specific histochemical stains such as dithizone have demonstrated much larger amounts of zinc in the pancreatic islets of Langerhans than in the surrounding acinar tissue (6,10,15,20-23). Insulin is stored within the secretory granules in the form of crystals containing hexamen of insulin and two or more zinc atoms (26). The presence of a substantial pool of extragranular zinc is also apparent from radiolabeling and subcellular fractionation studies (1,7). Some of this zinc is bound to metallothionein, transcription factors, and metalloenzymes (3). Recently, we have identified a major role for more loosely bound zinc in physiological suppression of apoptosis (gene-directed cell death) (34-36). This may have important implications for some types of diabetes mellitus, in which there is progressive death ofnormally very long-lived B-cells on a badcground of tissue zinc deficiency. The findings that zinc chelators damage B-cells (5,ll) and that the content of zinc in the islets and other tissues may be low in both insulin-dependent and non-insulindependent forms of diabetes mellitus (17,24,30,32) have raised questions as to the role of zinc depletion in the pathogenesis of this disease.
Dithizone has been used extensively to stain chelatable pools of zinc in various tissues, including the endocrine pancreas (18.23). However, the technique is relatively insensitive, not readily quantifiable, and poorly suited for demonstration of the subcellular distribution of zinc. Further investigation of the role of zinc in function of islet cells as well as other types of cells would be facilitated by the introduction of sensitive fluorescence techniques to measure and visualize pools of intracellular zinc, analogous to the detection of intracellular free calcium by fluorophores such as Fura-2 (29). Toluene sulfonamidoquinoline (TS-Q) has been used as a specific fluorescent histochemical stain for labile zinc in tissue sections of brain, heart, and some other tissues (8, 9, 27) . Jindal and colleagues (16) have used fluorescence of cell lysates with TS-Q to quanufy islet cell numbers for the purpose of transplantation. HOWever, TS-Q has not been applied successfully to visualize and quan-878 ZALEWSKI, MILLARD, FORBES, KAPANIRIS, SLAVOTINEK, BETTS, WARD, LINCOLN, MAHADEVAN tlfy zinc in living cells. We have synthesized a variety of esterified sulfonamidoquinolines which are taken up by and retained in living cells and which fluoresce specifically in the presence of zinc. Cleavage of the esters by intracellular esterases yields negatively charged fluorophores, which are membrane-impermeable and therefore effectively trapped within cells at high concentration for several hours. Fluorescence of cells correlates with levels of labile intracellular zinc and, inversely, with susceptibility of cells to undergo apoptosis (35). In this study we used one of these zinc-specific fluorophores, Zinquin, in conjunction with fluorescence digital image analysis, to reveal labile zinc in frozen sections of pancreas, isolated islets of Langerhans, and individual islet cells from humans, marmosets, rats, and other species as well as in NIT-1 insulinoma cells of a continuously growing, insulin-producing mouse B-cell line (14) . The effect of pre-treatment with high concentrations of glucose on the levels and distribution of zinc-dependent fluorescence was also examined. The synthesis and properties of Zinquin will be published elsewhere (I.J. Forbes, P.D. Zalewski, W.H. Betts, A.D. Ward, S.F. Lincoln, R.F. Seamark, I. Mahadevan, R.N. Butler, F. Sun, and S. Ledda, submitted for publication).
Materials and Methods
The following materials wcre used: Zinquin, ethyl-[2-methyl-8-p-toluenrmlfonamido-6-quinolylq]acetate (Dr. A. Ward, U. of Adelaide, Australia); bS04.7H20 (BDH; Poole, UK); dithizone, collagenase V, sodium pyrithione, and theophylline (Sigma; St Louis, MO); D-glucose (Ajm; Auburn, NSW, Ausualia); tolbutamide (Rastinon; Hoechst, Flinders Park, SA, Australia); Ficoll400 (Pharmacia; Uppsala, Sweden). All metal salts were of reagent grade and were made up in ultra-pure water (Permutit; Camden Park, SA, Australia).
Preparation of Islets and Single Islet Cells. Rats (Sprague-Dawley), mice (Swiss White albino), and marmosets (Cuflzthrzxjacchus) were maintained on normal zinc-sufficient diets (7.6 mg zinc/lOO g dry food for rats and mice, 6.3 mg zinc/100 g for marmosets). All animal procedures were approved by The University of Adelaide Animal Ethics Committee and followed National Health and Medical Research Council Animal Ethics Guidelines. Rat islets were prepared by a modification of the method of Rajotte et al. (25) . Immediately after sacrifice of the animals, the pancreas was perfused with Hanks balanced salt solution, pH 7.4, containing 1.3 mM Ca2+, 0.9 mM Mg2+, and 4.2 mM sodium bicarbonate (HBSS; Gibco, Grand Island, NY), and the mixed populations of islets and acinar tissue were prepared by digestion with collagenase. Islets were purified on Ficoll gradients. Mouse islets were prepared by a similar method except that instead of being perfused, the pancreas was removed and chopped before digestion with collagenase. Human pancreata were obtained at operation. Human and marmoset islets were prepared by the method of Gray and colleagues (12) .
Single islet cell populations were prepared by further treatment with a solution containing 0.05 % trypsin and 0.02% EDTA. For preparation of coverslip cultures. islet cells were cultured in multiwell plates containing small circular glass coverslips (10" DA) (Chance Propper; Warley, UK).
Insulinoma and Other Cell Lines. NIT-1 insulinoma cells (passage 91) were kindly supplied by Dr. B. Tuch, University of Sydney, and maintained in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum (ICN Biologicals; Seven Hills, NSW, Australia), 24 mM sodium bicarbonate (BDH; Poole, UK). and 50 pg/ml gentamycin sulfate (Delta West; Leichardt, NSW, Australia). Human fibroblasts, mouse 3T3 fibroblasts, mouse Lewis lung carcinoma cells, human pro-myelocytic HL60 ceh, and human Jurkat T-lymphoid cells were maintained as cultures in RPMI 1640 supplemented with 10% fetal bovine serum, 24 mM sodium bicarbonate, 25 mM Hepes (BDH), and 160 pg/ml gentamicin sulfate. Cells were washed and suspended in HBSS to a concentration of ~5 x loG celldml.
Other Cells. Rat pancreatic acinar cells were prepared by the EDTA/collagenae method of Brannon and colleagues (2) . Thymocytes and splenocytes were prepared by teasing tissues apart in HBSS. Contaminating red cells were lysed with Gey's solution. Human chronic lymphocytic leukemia (CLL) cells were obtained from a patient undergoing leukapheresis, frozen at a rate of -1°C for a minute in the presence of 10% DMSO, and stored in liquid nitrogen. Before use, cells were thawed, washed, and dead cells removed by Ficoll-Hypaque density centrifugation. Rat erythrocytes were prepared by collection of heart blood in heparin. Buffy coat was removed during washing. Polymorphonuclear leukocytes and mononuclear cells were prepared from normal human donors by Ficoll-Hypaque density centrifugation. Cell viability was monitored by trypan blue dye exclusion and phasecontrast microscopy, Fluorescence Labeling with Zinquin. Cells or tissue sections were incubated with 25 pM Zinquin for 30 min at 37'C. Single cells were used at a concentration of 1-5 x lo6 cells/ml. Islets were hand-picked or aliquotted in fixed volumes into Eppendorf tubes and washed by centrifugation for 10 sec in a microfuge. Zinquin, freshly diluted in HBSS, was added to give a final concentration of 25-50 pM. Tissue sections were overlaid with Zinquin. Sections were washed three times with HBSS.
For video image analysis, specimens were examined with an Olympus fluorescent microscope equipped with a UV B dichroic mirror (Olympus; Tokyo, Japan) for low-wavelength excitation and connected to a CCTV video color camera and computer work station. Images were captured and fluorescence was quantified using the Video Pro Image Analysis System (Leading Edge; Bedford Pack, SA, Ausda). Mean fluorescence intensity of individual cells was computed with the Video Pro program by outlining the perimeters of at least 50 cells per group, measuring the average fluorescence intensity of the outlined areas, and subtracting background illumination. The program was previously calibrated by comparing increase in average cellular fluorescence intensity, determined as above, with increasing concentration of intracellular zinc, using lymphocytes treated with varying concentrations of zinc plus ionophore (35). Average fluorescence intensity was determined in intact isolated islets by computing the fluorescence in the largest possible rectangle within the section of the imaged islet using the Video Pro Image Analysis program. Background illumination in a similar area not occupied by islet was subtracted from the readings. Mean fluorescence intensity was determined from regions of at least ten different islets in each group.
For spectrofluorimetry, Zinquin was added to cuvettes containing HBSS and known amounts of Zn2+ or other metal ions. Fluorescence was measured at room temperature in a Perkin Elmer LS 50 luminescence spectrophotometer. Single excitation and emission spectral peaks were observed at wavelengths of 364 nm and 485 nm, respectively. The weak fluorescence of Zinquin alone was greatly increased in the presence of added a*', without change in the optimal excitation or emission wavelengths. Binding constants were determined from titration curves ofznso4 with 3 pM Zinquin.
Statistical Analysis. Data are expressed as mean fluorescence intensities f SD. The t-test was used to determine the statistical significance of differences in fluorescence intensities of islets or insulinomas after treatment with secretagogues.
Results

SpeczjWy and Binding Constants of Zinquin
Xble 1 shows the high specificity of Zinquin as a fluorophore for Zn2+ in comparison with other biological metal ions. Fluorescence of pure Zinquin in HBSS was increased 20-fold by 1 pM Zn2' (in the form of ZnSO4) but not by other metal ions (Ca2+. Mg2+, Cu2+, Fe2', Fe3' , Co2+, Ni2', Hg2', Ag' , Li' , Pb2', Mn2', Ba2+, or Au2+). Cd2' weakly enhanced fluorescence but this metal ion is not a normal constituent of biological tissues. Co2+ and Cu2+ formed nonfluorescent complexes with Zinquin and therefore could quench intracellular zinc-dependent fluorescence, although the cellular concentration of these metal ions is thought to be very much lower than that of Zn2+ (4).
Fluorescence of a 2 pM solution of Zinquin was increased at nanomolar free Zn2+ concentrations and was saturated at 1 pM.
Zn2'-dependent fluorescence was unaffected by even a 3000-fold molar cess of Ca2' and Mg2' over Zn2'. Fluorescence was quenched by excess metal chelators 1,10 phenanthroline, DEN, EGTA, and EDTA, or by lowering of pH to 4 by addition of HCI, although these treatments are not entirely selective for removing a*', in comparison with some other metal ions. Zinquin formed both 1:1 and 2:1 Zinquin-Zn2' complexes with individual binding constants of2.7 f 0.4 x lo6 and 11.7 1.9 x lo6 dm3/mo11. There was no significant change in the optimal wavelengths for excitation (364 nm) or emission (485 nm) during complexing with zinc.
Labeling of Islet Cells with Zinquin. In frozen sections of human pancreas incubated with Zinquin, there was intense fluorescence of the islets of Langerhans, with only scant fluorescence in surrounding acinar tissue ( Figure 1A) . Autofluorescence of blood vessel elastic laminae was present in replicate samples not incubated with Zinquin. By contrast, labeling of islet cells was completely dependent on added Zinquin. Preferential labeling of tie cytoplasm of islet cells, rather than the nucleus, resulted in a honeycomb pattem of fluorescence. Nuclear fluorescence was also not observed when isolated islet cells were loaded with Zinquin (Figures 1ElD) . There was intense polar distribution of dot-like fluorescence be-tween the eccentrically located nucleus and the plasma membrane at the opposite side of the cell, corresponding to the location of the secretory granules ( Figures 1B-1D ) and less intense diffuse fluorescence in the remaining cytoplasm ( Figure IB) , indicating the presence of extragranular zinc pools.
Intense, heterogeneous fluorescence was seen when Zinquin was incubated with isolated islets from marmosets ( Figure 1E ), mice ( Figure 2B ), rats (Figure 2A ), or humans (not shown). The intensity of fluorescence of individual islets varied considerably, from dull to brilliant. There was also heterogeneity of fluorescence within a given islet. In some islets this involved more intense staining of peripheral cells (Figures 2A and 2B) , confirming the pattem ofstaining previously observed with dithizone (21). Both diffuse and dotlike fluorescence patterns were observed. Where individual cells could be clearly discerned, it was evident that the dots of fluorescence were intracellular and restricted to the cytoplasm.
The average intensity of fluorescence of individual, dissociated islet cells was very much greater than that of other types of cells examined as cell suspensions, including rat pancreatic acinar cells, mouse 3T3 fibroblasts, mouse Lewis lung carcinoma cells, rat splenocytes, human CLL cells, rat erythrocytes (Figure 3 ), human fibroblasts, rat thymocytes, human polymorphonuclear leukocytes, human pro-myelocytic HL.60 cells, and human Jurkat T-lymphoid cells (not shown). The striking difference in intensity of fluorescence between the strong cytoplasmic labeling of islet cells and the lowintensity punctate fluorescence of fibroblasts was particularly evident when coverslip monolayer cultures of rat islet cells contaminated with fibroblasts were labeled with Zinquin. Although the mean intensity of fluorescence of islet cells was high, there was a great range of individual cell intensities (Figure 4 ), ranging from dull (0-10 units) to extremely bright fluorescence (>80 units).
Labeling of "-1 hulinoma Cells with Zinquin. NIT-1 cells were poor in labile zinc compared with islet cells, as determined by significantly decreased labeling with Zinquin ( Figure 4 ) and lack of dithizone staining (not shown). However, NIT-1 cells did contain more labile zinc than most other types of cells studied, with the exception of acinar cells (significant atp<0.05). Like islet cells, there was considerable heterogeneity in fluorescence of insulinoma cells and both diffuse and dot-like fluorescence pattems were observed in islet-like clumps of insulinoma cells. Since these cells were cultured in medium containing no added zinc (the only zinc present was approximately 2 pM contributed by the 10% fetal bovine serum), we determined the effect on Zinquin fluorescence of culturing the cells in medium supplemented with 25 pM ZnS04. Even after 6 weeks of culture in the presence of zinc, the cells labeled much less strongly than islet cells and the intensity of fluorescence was not significantly different (pX.05; n = 19) from that of cells cultured in ordinary medium.
Effect of Glucose and Other Secretagogues on Zinquin La&eZing
The zinc content of islet cells has been reported to decrease after infusion of high concentrations of glucose in vivo, although there is controversy as to which intracellular compartments of zinc are affected (7, 22) . We have investigated the effect of incubation of I % I E " isolated, intact islets or insulinoma cells in medium containing either low (5.6 mM) or high (25.6 mM) concentrations of glucose on subsequent labeling with Zinquin. Culture of mouse and marmoset islets for 2-3 hr in the presence of high glucose decreased subsequent fluorescence labeling of zinc by Zinquin by 34% and 71%, respectively ( Table 2 ). Often the decrease in labeling in high glucose-treated islets affected only portions of the islet and resulted in a more homogeneous labeling. The glucose-induced loss of fluorescence was particularly marked in marmoset islets; those cultured for 2 hr in low-glucose medium were strongly fluorescent (Figure E) , whereas those cultured in high-glucose medium had lost most of their fluorescence (Figure E) . Both granular and exttagranu- lar pools were depleted. Culture of rat islets in high glucose for 2 hr caused a variable decrease in fluorescence in different islets;
however, the mean fluorescence was not significantly different from that of islets cultured in low glucose (pX.05 level; Table 2 ). A significant decrease was observed in rat islets cultured for 2 ht in the presence of both high glucose and 10 mM theophylline ( Table 2) . Theophylline augments glucose-induced insulin secretion by raising CAMP levels (14). It has not yet been possible to determine the effect of glucose on human islet cell zinc because of the small numbers of samples obtained thus far. Fluorescence of Zinquin-labeled NIT -1 insulinoma cells, maintained overnight in a culture medium supplemented with high concentration of glucose, was also significantly lower than that of those cultured in low glucose ('Igble 2). Fluorescence was also markedly decreased during overnight incubation in medium supplemented with a non-fuel secretagogue, tolbutamide, which, like glucose, induces B-cell degranulation ("933).
Discussion
Zinquin is the first of a series of zinc-specific intracellular fluorophores that can now be applied to the study of the localization and role of labile zinc in metabolically active cells. The much greater sensitivity of Zinquin compared with dithizone is evident from the capacity of Zinquin to detect the lower contents of labile zinc in NIT-1 insulinoma cells and acinar cells, which were not stained by dithizone. Zinquin is sufficiently sensitive to detect zinc in the nanomolar range, and we have used it to measure labile zinc in even relatively zinc-poor tissues such as thymocytes and C U lymphocytes (35). Zinquin fluorescence is highly specific for zinc and readily quantified by digital image analysis of spectrofluorimetry, and because it remains trapped inside cells for at least several hours it can be used in more dynamic studies to measure zinc fluxes. Fluorescence of cells is abolished by pre-treatment of cells with the intracellular zinc chelator TPEN and is increased by pre-treatment of cells with and a zinc ionophore (35). The substantial heterogeneity of fluorescence labeling by Zinquin, which was observed among islets and in ddferent regions of the same islet, probably reflects differences in labile zinc contents of different islet cells, since there was also a great range of fluorescence intensities when individual islet cells were loaded with Zinquin. One reason for the heterogeneity may be differences in content of zinc among the different subsets of islet cells. Although the majority of islet cells are B-cells, other subsets present include the A-, D-, and PP-cells which produce glucagon, somatostatin, and pancreatic polypeptide, respectively (31). It is not possible to distinguish these different types of islet cells without prior fixation and staining, which interferes with the Zinquin labeling. The issue of whether the different subsets have different contents of labile zinc may be resolved by double-labeling fluorescence experiments in which blue Zinquin fluorescence is combined with green fluorescein immunofluorescence of surface antigens specific for each subset. Other differences in labile zinc content of different islet cells may be related to cell cycle, stage of differentiation and, in particular, metabolic state. Islet cells that have recently been exposed to high concentrations of glucose and have released their zinc-insulin granules will label much less intensely with Zinquin.
Anderson and colleagues (I), using atomic absorption spectroscopy, demonstrated that only 13% of the total zinc in B-cellrich islets (from overnight fasted adult ob/ob mice) was associated with the granular fraction and that the remaining zinc was present in wrious non-grandar compartments, including the nucleus (17%), cytosol (37%), and mitochondria (32%). The pattern of labeling with Zinquin was quite different and reflects the distribution of only the pools of zinc available for interaction with Zinquin. Like most types of cells that we have studied, Zinquin fluorescence was not found in the nucleus, probably because Zinquin does not gain access to this organelle. Cleavage of the ester group by cytoplasmic esterases will impart a negative charge that should hinder uptake of Zinquin across the nuclear membrane. However, the intense Zinquin fluorescence associated spatially with the secretory granules at the vascular pole indicates that Zinquin can traverse the granule cell membrane. The very high concentration of zinc in the granules may act to facilitate influx of Zinquin into the granule interior. Fluorescence of granules also indicates that Zinquin effectively competes with insulin for zinc, since the granular zinc is complexed with insulin as zinc-insulin crystals. In support of this hypothesis, the affinity of Zinquin for zinc is about an order of magnitude greater than that of insulin for zinc. The B-cell is only one of several types of secretory cells in which the secretory product is stored in zinc-rich vesicles. Other examples are storage of histamine in mast cells, glutamate in certain presynaptic neurons, and nerve growth factor in granular convoluted tubule cells of male mouse submandibular gland (9). Granule zinc has been implicated in the synthesis, release, and peripheral action of insulin (26,28). However, guinea pig pancreatic B-cells store insulin in a zinc-free, non-crystalline form ( 5 ) , and NIT4 insulinoma cells that produce and secrete insulin were found to be relatively low in labile zinc, even when grown in zinc-rich medium. Another insulinoma line, RIN m5F, was also low in zinc as measured by energy dispersive X-ray microanalysis (6). Significant differences may exist in zinc homeostasis between islet cells and their malignant counterparts.
In addition to the localized intense fluorescence of the secretory granules, there was also a diffuse cytoplasmic fluorescence, which probably represents extragranular pools of labile zinc. These pools will include free or loosely bound zinc. Most of the total extragranular zinc is likely to be very tightly bound as a structural or catalytic component of metalloenzymes, transcription factors, and some other proteins, and therefore not available for interaction with Zinquin. One function of more labile extragranular pools of zinc in islet cells may be as a source for replenishment of zinc in the newly formed secretory granules after glucose-induced exocytosis. Cell fractionation studies have indicated that there is no change in the distribution of zinc among different compartments before and after glucose treatment (lJ3). Therefore, there may be significant exchange between granular and extragranular pools of zinc. Little is known about the entry of zinc into granules. It has been assumed that the zinc enters at the time of granule formation rather than by exchanging across the granule membrane (10). However, the evidence for this is indirect.
This study demonstrates the potential of Zinquin, coupled with digital image analysis, as a means of visualizing and measuring labile zinc in intact islets and single islet cells and determining changes in levels of zinc in response to extemd stimuli. It may also be particularly useful for studies of the role of zinc deficiency in the pathogenesis of diabetes mellitus (17,32). It will now be important to correlate content of labile zinc in islet cells of diabetics with their functional status and susceptibility to apoptotic cell death.
